We determined how rod signaling at mesopic light levels is altered by extrinsic temporal white noise that is correlated or uncorrelated with the activity of one (magnocellular, parvocellular, or koniocellular) postreceptoral pathway. Rod and cone photoreceptor excitations were independently controlled using a four-primary photostimulator. Psychometric (Weibull) functions were measured for incremental rod pulses (50 to 250 ms) in the presence (or absence; control) of perceptually invisible subthreshold extrinsic noise. Uncorrelated (rod) noise facilitates rod detection. Correlated postreceptoral pathway noise produces differential changes in rod detection thresholds and decreases the slope of the psychometric functions. We demonstrate that invisible extrinsic noise changes rod-signaling characteristics within the three retinogeniculate pathways at mesopic illumination depending on the temporal profile of the rod stimulus and the extrinsic noise type.
INTRODUCTION
Random variations in neural activity that occur independent of the stimulus signal are termed intrinsic noise [1, 2] . These intrinsic noise levels are similar for magnocellular (MC) and parvocellular (PC) retinal ganglion cells and independent of stimulus contrast as observed in single-cell recordings of macaque retinae [3] and in human electroretinography [4] . Any variation present in the stimulus domain, including that introduced by quantal fluctuation [5, 6] , is termed extrinsic noise. Psychophysical experiments have used extrinsic noise to understand lower-and higher-order chromatic mechanisms [7] [8] [9] [10] [11] . For meaningful visual perception, the signal level must be higher than the intrinsic and extrinsic noise level. When extrinsic noise is modulated along a cardinal color direction, the noise correlates with a specific postreceptoral pathway and causes selective masking of cone thresholds measured in the same cardinal direction as the extrinsic noise, but not when the signal and noise are in different directions [9, 11] . In addition to thresholds, psychometric slopes provide information related to changes in the detection mechanism [12, 13] and for estimating variability [12] [13] [14] [15] [16] [17] [18] [19] . Extrinsic noise acts to increase the spread of the psychometric function (i.e., the psychometric slope is shallower) [16] [17] [18] under photopic illumination [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] and the slope is steeper for luminance stimuli (detected via the MC pathway) than for red-green chromatic stimuli (detected via the PC pathway) [33] . While extrinsic noise has been used to study postreceptoral processing of cone signals [34] , the effect of extrinsic noise on rod thresholds and psychometric slopes is largely unknown.
It is well established that under mesopic illumination, the rod and cone signals share the three primary retinogeniculate pathways [35, 36] . Physiological recordings in non-human primate retinae show that the MC pathway dominates rod signal transmission in mesopic and scotopic illuminations [37] [38] [39] [40] [41] [42] , with rod signaling also mediated via the PC and koniocellular (KC) pathways [43] [44] [45] [46] [47] . Psychophysical observations [48] [49] [50] parallel these physiological recordings. Rod contributions to the three postreceptoral pathways are linearly related to the incremental rod contrast [48] and the relative contributions to the three pathways change with the temporal profile of the rod signal, with rods transmitted exclusively by the MC pathway with durations less than ∼75 ms [50] . To understand how extrinsic rod or cone noise alters mesopic rod signaling, we measured psychometric functions for rod increment detection while simultaneously presenting external temporal white noise. The extrinsic noise is defined in terms of photoreceptor activations. Noise of the different cone types was correlated in such a manner that they stimulate selectively the activity of the MC, PC, or KC pathway (pathway-specific extrinsic noise). The extrinsic rod photoreceptor noise differentially activates the three pathways and is therefore not correlated with the activation of any single postreceptoral pathway and further uncorrelated with the rod probe stimulus. That is, the rod photoreceptor specific noise specifically stimulates only the rod photoreceptors, and rod signals can be transmitted via all the three post-receptoral pathways.
METHODS

A. Observers
Two males, O 1 (age 26 years) and O 2 (age 32 years), participated as observers. Both observers had a visual acuity of 6/6 (Bailey Lovie logMAR chart), normal trichromatic color vision (Farnsworth Panel D-15 and Ishihara) and normal intraocular pressure (<21 mm Hg). The observers had no ocular abnormalities as determined by slit lamp biomicroscopy and ophthalmoscopy. This research was conducted in accordance with the Institutional Human Research Ethics Committee guidelines. Informed consent was obtained from the participants prior to testing. The second observer (O 2 ) was naïve to the purpose of the experiment. Psychophysical testing started after there were no practice effects on threshold (monitored over 5-6 sessions of 1 h testing) [51] . The total testing time (excluding dark adaptation) was ∼50 h per observer; the total number of trials ranged between 27,700 and 29,200 for each observer.
B. Apparatus and Calibration Procedures
The stimulus generator was a four-primary Maxwellian-view photostimulator [52] with two optical channels, one for a 2°c enter field and the other for a 13°surround field. The center field was positioned at 7.5°eccentricity, a retinal locus with approximately equal rod and cone densities [53, 54] . The center and surround fields each had four light-emitting diodes (LEDs) and interference filters to produce narrow-band primaries with peak wavelengths at 459 nm (blue), 516 nm (cyan), 561 nm (green), and 658 nm (red). The LEDs were regulated by eight drivers that produced 1 μs light pulses using a voltage-tofrequency converter, resulting in frequencies of up to 250 kHz [55] . The drivers were connected to a Dolby preamplifier (ProFire 2626, M-Audio, USA) that had a 24-bit D/A converter and a 192 kHz sampling rate. All stimuli were custom designed and programmed using X-code (Version 3.2.5).
A physical light calibration measured the spectral output of the narrow-band primaries at 1 nm intervals using a spectroradiometer (StellarNet, Tampa, FL, USA). The illuminance of each LED primary was measured as a function of voltage level using a silicon cell and fitted with a log-transformed fourthorder polynomial to generate a voltage illuminance lookup table for each primary light. The maximum photopic illuminance of the green LED (561 nm) was measured (ILT1700 Research Radiometer; International Light Technologies, Inc., Peabody, MA, USA) and the remaining primaries were referenced to this value using an individual observer calibration [52] . The observer calibration compensated for individual differences in the receptoral spectral sensitivities, lens, and macular pigment optical density by comparing the individual observer color match with the CIE (1964) 10°standard observer for a mixture of the 459 and 561 nm (reference primary light) and with the 516 and 658 nm primary lights [52, 56] . The color-match procedure was performed at the retinal locus of the experiment (7.5°temporal eccentricity).
Rod isolation was confirmed using two procedures. In the first procedure, rod isolation was confirmed if a 200 ms rod pulse took 4-5 min to detect after exposure to a broadband daylight lamp (10,000 Td). In the second procedure, a rod color match [48] following 30 min of dark adaptation confirmed rod isolation when the cone excitations at the color match were consistent with literature values and showed an increase in (L+M) and S/(L+M) excitation and decrease in L/(L+M) excitation (i.e., the rod color was bluish-green and brighter) [48] [49] [50] .
C. Temporal White Noise Paradigm
We developed two types of extrinsic temporal white noise: (1) correlated cone-driven noise that selectively activates a particular postreceptoral pathway (e.g., +LMS for MC, +L-M for PC, and S-cone for KC) without changing rod photoreceptor excitation and (2) uncorrelated rod photoreceptor noise that modulates rod inputs to all three postreceptoral pathways with no change in the L-, M-, or S-cone excitations; we define the rod noise as not correlated with the activation of a single postreceptoral pathway and uncorrelated with the rod stimulus.
The temporal white noise is defined as a random signal that varies in time and has a constant power spectral density [57] . The correlated and uncorrelated noise was generated for each of the four primary lights and multiplied by the appropriate factor to produce the photoreceptor or pathway excitations. The noise was generated at 1024 samples per second by randomly varying phase (0°-359°) and assigning the same amplitude to each temporal frequency within the 0-255 Hz range. Inverse discrete Fourier transforms of the amplitude versus frequency and phase versus frequency plots resulted in a white noise stimulus in the time domain.
A pilot study demonstrated that thresholds for extrinsic temporal white noise increase with decreasing mesopic retinal illuminance and, at the 5 Td mesopic adaptation level, the noise contrasts used in the experiment were below perceptual threshold and therefore classified as invisible; this invisible noise was important in the context of our experiment because we did not want the noise to produce a stimulus for visual perception. The correlated temporal white noise contrast was 40% for LMS (inferred MC pathway; expressed in terms of cone contrast for each cone type), 14% for +L-M (inferred PC pathway), 80% for S noise (inferred MC pathway), and 50% for the uncorrelated rod photoreceptor noise.
D. Psychophysical Paradigm
The psychometric functions for pulsed rod increments with and without (control) temporal white noise were measured using a Method of Constant Stimuli [58] [59] [60] [61] at different contrast levels (5%-30% rod contrast). The procedure was repeated for different rod pulse durations (50, 75, 100, 125, 160, and 250 ms). The pulse durations, pulse rod contrasts, and noise contrasts were chosen based on the instrument gamut limit and the observer thresholds. An auditory beep signaled the start of the stimulus trial. The rod pulse was presented in the center field, while temporal white noise was present in both center and surround fields. Each trial consisted of a 500 ms lead time before the rod signal was presented. During the lead time, a steady adaptation field (192 kHz sampling rate; a perceptually steady field beyond the flicker fusion frequency of the visual system) was presented in the control condition [ Fig. 1(a) ] or temporal white noise in the noise condition [ Fig. 1(c) ]. The Yes-No procedure included 50% catch trials [62] randomly interleaved to maintain a neutral observer criterion [63] . The catch trial was a steady field for the control experiment [ Fig. 1(b) ] or temporal white noise [ Fig. 1(d) ] in the noise conditions. The observer indicated a "yes" or "no" response using a handheld game pad, and successive trials followed immediately after the observer recorded their response.
Testing sessions started following a 30-min dark adaptation period. The testing sessions were divided into blocks of tests producing 1000 trials (two blocks of 500 trials each) or 1200 trials (four blocks of 300 trials each). The rod contrast level, duration, control, and noise conditions were randomized to avoid bias of expectation. A minimum of 100 signal trials was presented at each rod signal contrast, generating a minimum of 500 signal trials per psychometric function (at least five rod contrasts tested per psychometric function).
E. Modeling
Modeling Psychometric Functions
The psychometric function is a sigmoidal curve relating observer performance (probability of seeing) to a physical stimulus parameter such as contrast [64, 65] . Psychometric functions were fitted using a Weibull model [59, [66] [67] [68] as shown in Fig. 2 and defined by
where x is the rod increment contrast, α is a parameter determining the position on the abscissa, β is a slope parameter, and λ is the lapse parameter, which was set to 0. The guessing rate, γ, is set to 0 as we have applied the guessing correction to the data prior to fitting the model. Equation (1) can therefore be rewritten as
The guessing correction reduced bias to avoid underestimation of threshold according to Eq. (3) [69] ;
where pc corresponds to the proportion of yes responses relative to the number of stimulus trials; po corresponds to the false alarm (guess) rate, which is the proportion of yes responses to catch trials; and p c is the proportion of correct responses after applying the guessing correction. The hit rate, false alarm rate, and guessing correction was calculated before fitting with a two-parameter Weibull model. The rod threshold was defined as the rod pulse contrast that resulted in 63.21% yes responses, in which case the threshold contrast is completely described by α [when x α in Eq. (2), then W x 1 − exp−1 0.6321] [64, [70] [71] [72] . The spread of the psychometric function is defined by the slope parameter β [16] ; a logarithmic abscissa and linear ordinate were used so that the slope is independent of threshold [64, 73] . The Weibull model was fitted to the data using a nonlinear least squares regression routine [18] in Microsoft Excel (Microsoft, 2010) by adjusting two free parameters to minimize the sums of squared differences between the data and model; the free parameters were the individual observer thresholds (α 1 and α 2 ) and a common slope (β). A common slope was used, as the mechanisms that govern rod signaling are assumed to be the same in both observers, and it returns a more reliable estimate of the slope because the number of data points contributing to the slope doubles. Note that we also analyzed the data with individual Weibull slopes and it yielded a similar pattern of results for the two observers for all conditions. The 95% confidence limits (CL) for each point on the psychometric function were determined as follows [74] :
where p is the proportion of correct responses after applying the guessing correction, 1.96 refers to the z score at 97.5% of the normal distribution (two-tailed), and N refers to the number of trials at that level. The goodness of fit between the Weibull model fit and the psychometric data points was assessed using a chi-square test; nonsignificant p value (>0.05) indicates that the model adequately describes the data.
Based on previous studies of extrinsic noise on cone signaling [11, 34, 75] , there are four predicted changes in the rod psychometric functions in the presence of invisible extrinsic noise (Fig. 2) . A leftward [ Fig. 2(a) ] or rightward [ Fig. 2(b) ] shift signifies a decrease or increase, respectively, in rod threshold with no change in slope; the slope invariance may indicate there is no change in variability and/or rod signaling in the postreceptoral pathways. If this facilitation (lower threshold) is larger at low rod contrasts then the slope will become shallower (not shown) due to stochastic resonance [22, 76, 77] . A change in slope with no change in rod threshold [ Fig. 2(c) ] may indicate a change in variability and/or rod signaling in the postreceptoral pathways. A change in both the slope and threshold [ Fig. 2(d) ] may point towards a change in the postreceptoral pathways mediating the rod signal and the rod threshold.
Modeling Temporal Summation
To estimate temporal summation, rod thresholds obtained from the psychometric functions (except for 25 ms) were plotted as a function of duration. The rod thresholds for the 25 ms duration were estimated using a double-random alternating staircase procedure (with 20% catch trials) [78] because the percentage of correct responses obtained using the method of constant stimuli was too low to obtain a valid psychometric function [79] . The threshold obtained by this staircase method corresponds to 70.71% of correct responses on the psychometric function [80] . A model with a slope of −1 (Bloch's law) and zero (complete summation) was fitted to the rod threshold data to determine the temporal integration time for all the conditions with and without temporal white noise for both observers [81] . The model was fitted using the solver routine in Excel by floating the intercepts of the two lines, while keeping the slopes constant. The point of intersection of two slopes determined the temporal summation time of the rod pathways [81] . A summary of rod thresholds derived from the psychometric functions is shown in Fig. 9 .
RESULTS
The rod psychometric functions measured in the control conditions without temporal white noise are presented first, followed by the rod psychometric functions measured with the uncorrelated rod temporal white noise and then the correlated MC, PC, and KC pathway temporal white noise. The goodness of fit of the Weibull function to the rod increment data for all durations and all rod control and noise conditions was acceptable (p > 0.05). Figure 3 shows the psychometric functions for rod increments without noise for six durations (50- up to 250 ms. The slopes ranged between 2.67 (250 ms pulse duration) and 4.68 (100 ms pulse duration).
To summarize the temporal white noise data, Table 1 reports the difference in rod threshold between the control conditions and the temporal white noise conditions for the average observer data and the individual observer data (given in parentheses). The following considers the psychometric functions measured in the presence of uncorrelated rod photoreceptor noise and correlated LMS (inferred MC pathway), +L-M (inferred PC pathway), and S cone (inferred KC pathway) noise. Data for each of the four temporal white noise conditions (Figs. 4-7) are compared to the no-noise condition (control ;  Fig. 3) ; the threshold data are summarized separately for the two observers followed by a summary of the slopes. Figure 4 demonstrates the rod psychometric functions measured in the presence of uncorrelated rod noise (dotted lines and square symbols) compared to the control rod condition (solid line and circles) for the same duration and observer (the 50 ms rod pulse data were not measurable within the instrument gamut). As duration increases, rod psychometric functions first shift rightward, indicating masking effects (up to 125 ms for O 1 and 75 ms for O 2 ), and then shift leftward, indicative of facilitation (≥160 ms for O 1 and ≥100 ms for O 2 ). Thus, the psychometric functions for the two observers show different transition times from masking to facilitation. The slopes of the rod psychometric functions decrease in the presence of rod noise for all durations compared to control conditions and vary between 2.50 (250 ms pulse duration) and 3.37 (160 ms pulse duration). Figure 5 shows the rod thresholds measured in the presence of correlated LMS temporal white noise (dotted lines and square symbols) compared to the control rod conditions (solid line and circles) for the same duration and observer. For all rod pulse durations, the thresholds were increased (masking) by the presence of LMS white noise. The overall average increase in rod thresholds was 3.1% for O 1 and 1.6% for O 2 ; these increases are substantial taking into account that the thresholds were generally between 10% and 20%. The slopes of the rod psychometric functions decrease in the presence of LMS temporal white noise for all durations compared to control conditions except at 50 ms, where the slope is steeper (3.42 for LMS noise versus 2.83 for rod control). The rod psychometric slopes were between 2.61 (250 ms pulse duration) and 3.95 (125 ms pulse duration) in the presence of LMS noise. Figure 6 outlines the rod thresholds measured in the presence of +L-M noise (dotted lines and square symbols) compared to the control rod conditions (solid line and circles). The rod psychometric functions shift rightward in the presence of +L-M noise at all measured durations for both observers. Rod thresholds increased by at least 7.5% for O 1 at all measured durations except at 125 ms, where it was 4.8%. Out of four tested durations for O 2 , rod thresholds increased at least 12% at two durations (160 and 250 ms) but increased by 3.7%-4.7% at the other two durations (75 and 125 ms). The slopes of the rod psychometric functions are shallower at 75 ms but become more similar with increasing duration and then slightly steeper [see Fig. 6(g) ]. The slopes varied between 2.54 (75 ms pulse duration) and 4.18 (160 ms pulse duration) in the presence of extrinsic +L-M noise. Figure 7 demonstrates the rod thresholds measured in the presence of S-cone noise (dotted lines and square symbols) compared to the control rod conditions (solid line and circles). The rod psychometric function shifts rightward in the presence of S-cone noise at all measured durations for both observers. The effect of S-cone noise on rod threshold decreased with increasing duration of the pulse. At three of the five tested durations, rod threshold increased between 6% and 7.6% for O 1 . For O 2 at four of the five tested durations, rod thresholds increased between 0.8% and 3.9% while at 75 ms, the threshold increased by 9.4%. The slopes of the rod psychometric functions decreased in the presence of S-cone temporal white noise for all durations and ranged between 2.16 (250 ms pulse duration) and 4.52 (100 ms pulse duration).
The slopes of the rod psychometric functions versus stimulus duration for the control and noise conditions are given in Fig. 8(a) . Figure 8(b) plots the slopes of the psychometric functions in the presence of noise against the slopes in the control conditions. In general, the slopes of the psychometric functions are steeper for intermediate pulse durations (100-160 ms) . Furthermore, the slopes were shallower in the presence of temporal white noise [16 out of 19 conditions were shallower, excepting LMS noise (50 ms) and +L-M noise (160 and 250 ms)]. The threshold versus duration functions (Fig. 9 ) show that the four noise conditions differentially increased the rod integration times compared to the control condition (no noise; 68.2 ms for O 1 and 61.1 ms for O 2 ); the uncorrelated rod noise caused the largest increase in rod integration time,
followed by the correlated S-cone noise and then the correlated +L-M noise, with the smallest effect observed in the presence of correlated LMS noise. Table 2 summarizes the rod integration times. 
DISCUSSION
There are five primary outcomes of this experiment. First, the slopes of the rod psychometric functions change with stimulus duration in the rod control condition [no noise; Fig. 8(a) , triangular symbols]. Second, invisible uncorrelated and correlated temporal white noise can decrease the slope of the rod psychometric function [ Fig. 8(b) ]. Third, uncorrelated rod photoreceptor noise facilitates rod thresholds at longer rod pulse durations (>100 ms; Fig. 4) . Fourth, correlated pathwayspecific noise reduces rod sensitivity with differences in the observed magnitude dependent on the type of stimulated pathway (+LMS for MC, +L-M for PC, and S-cone for KC; Figs. 5-7). Fifth, uncorrelated rod photoreceptor noise and correlated PC and KC pathway-specific temporal white noise increase rod temporal integration times, whereas small changes are observed for correlated MC pathway noise (Fig. 9) . In the following, we consider each of these observations. The initial increase in slope (β) of the rod psychometric function from 2.83 at 50 ms up to 4.68 at 100 ms is followed by a decrease in slope to 2.67 at 250 ms duration (Fig. 8) . The estimated Weibull psychometric slope at absolute rod threshold under scotopic illumination with a 1 ms pulse duration (mean 3.0 0.3 SD) [5] is within the range of variability for our shortest (50 ms) duration [β 2.83; Fig. 3(a) ] and the average mesopic Weibull psychometric slope (mean 3.62 0.81 SD) pooled from across all of our measured durations (50-250 ms; Fig. 4) . The average rod mesopic slope value is also within the range of values commonly obtained for photopic cone vision (i.e., 3-4) measured without extrinsic noise [60, 75, 82] .
The correlated pathway-specific temporal white noise decreased the slopes of the rod psychometric functions in 16/ 19 conditions. It was with the PC pathway noise that the slopes were more similar or steeper at durations >125 ms [ Fig. 8(a) ]; the cause of this observation is not clear. To the best of our knowledge, no previous study has measured rod psychometric functions in the presence of extrinsic noise for comparison to our findings. However, the mesopic rod data parallel the findings of the Weibull psychometric slopes estimated in studies of photopic cone vision measured in the presence of extrinsic noise [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] , and as reviewed by Baker and Messe [75] . The standard explanations for steeper slopes in the absence of noise are provided by the mechanism uncertainty model [69] , nonlinear signal transduction [83, 84] , or both [82] . In this study, the uncertainty model is ruled out because the application of a guessing correction [Eq. (3)] when psychometric slopes are estimated with yes-no paradigms [69, 85] will nullify the effect of uncertainty [85] . If a nonlinear transducer were to determine the slope steepness, and this nonlinearity could be negated by extrinsic temporal white noise levels higher than the intrinsic noise level, the prediction is that the slope would be reduced to ∼1.3 in Weibull slope units [75] ; this is known as the Birdsall linearization [86, 87] and it is not observed in our results [ Fig. 8(b) ]. Additional factors may include changes in the observer decision criterion [69] and/or differences between the external noise contrast and intrinsic noise levels in each pathway [88, 89] . The reciprocal of the psychometric slope gives an estimate of the variability [14] , and the introduction of correlated and uncorrelated extrinsic noise may increase variability during individual trials and cause the psychometric slope to decrease [1] . The differences in slope may also involve changes in the relative rod weights in the three pathways due to changes in the temporal profile of the rod pulse [50] . The extrinsic noise may act to mask the edges of the pulse [90] and therefore decrease the slope of the psychometric function. However, if blurring of the edges were to affect detection, then it is expected that psychometric functions for short durations would be shallower compared to long-duration pulses. The commonality of slope data at the longest and shortest durations [e.g., Fig. 8(a) , triangle symbols] is inconsistent with this interpretation. The facilitation of rod thresholds by uncorrelated rod photoreceptor noise at longer durations (>125 ms for O 1 and >75 ms for O 2 ) was larger at lower (rod) contrasts (Fig. 4, right panel for durations >100 ms) . This lowering of the threshold for rod signal detection may reflect stochastic resonance [22, 76, 77] , in which rod signal transmission is enhanced due to addition of the subthreshold (invisible) extrinsic temporal white noise to the rod signal. The uncertainty hypothesis [69] is an unlikely explanation for the facilitation because both the rod signal and uncorrelated rod noise access all the three pathways without changing the number of pathways monitored at the detection mechanism.
The level of rod threshold elevation produced by correlated temporal white noise was different for the three pathways (PC > KC > MC pathway; Table 1 ). The introduction of extrinsic noise requires the signal contrast to exceed both the extrinsic and intrinsic noise levels for detection [75, 88] . Although gamut limitations prevented the use of high noise contrast levels for all three correlated noise types (especially for the PC pathway noise), the contrast responses of retinal ganglion cells are linear at mesopic illuminations [41] , and hence we expect that if the same contrast level was used for all conditions, the largest threshold change would still be for the PC pathway (which had the lowest contrast noise stimulus in this study). Although this threshold increase is inversely related to the strength of rod inputs to the MC, PC, and KC pathwayswhich implies that correlated temporal white noise has a larger effect on rod thresholds in pathways that have weaker rod inputs-the highest proportion of ganglion cells belongs to the PC pathway and this may compensate for the stronger rod inputs observed in the MC pathway [48] [49] [50] through a higher-order process that we have not measured. Recent evidence indicates that ON-and OFF-parasol cells in the macaque retina have different coding strategies in response to singlephoton events at scotopic illumination; OFF-parasol cells maintain higher noise levels, which lead to higher sensitivity and more false-positive responses compared to ON-parasol cells, which show more reliable photon discrimination but with lower sensitivity [91, 92] . The coding strategies applied by the PC and KC pathways for rod signaling are not known and may differ from those of the MC pathway and provide a physiological basis for these psychophysical observations.
The average mesopic temporal integration time for rods in the control (no noise) condition was 64.7 4.6 ms (mean SD); as expected, this is faster than the rod temporal integration time at scotopic illumination, which is in the order of 100 ms [93] [94] [95] [96] [97] . The uncorrelated rod noise and correlated chromatic pathway noise increased the rod temporal integration times (rod noise >KC noise >PC noise >MC noise), possibly due to attenuation of the rod signals by noise [49, 50] .
CONCLUSION
In conclusion, this is the initial demonstration that rod signaling under mesopic illumination is modified by the presence of invisible, extrinsic temporal white noise that does not provide a stimulus for visual perception. Extrinsic noise that is not correlated with the activation of only one postreceptoral pathway (i.e., rod photoreceptor noise) facilitates rod detection thresholds likely due to stochastic resonance, which acts to enhance rod pathway detection sensitivity at dim illuminations. The effect of the correlated extrinsic cone noise is related to the strength of the rod signals in the postreceptoral pathways; rod threshold elevations were largest for noise correlated with the cone opponent (PC and KC) pathways, with small changes in the presence of nonopponent correlated MC pathway noise. The correlated cone noise reduced the slopes of the rod psychometric functions, especially with the MC and KC pathway noise, possibly due to a change in the relative weights of the rod signals in the three pathways [50] . If the rod signals are transmitted via rod-cone gap junctions (the fast rod pathway) then this pathway does not appear to have a mechanism to negate the effect of correlated extrinsic noise on rod sensitivity. The experimental framework provides a new methodology using uncorrelated and correlated extrinsic noise to study the effect of (rod-cone, rod-rod, and cone-cone) photoreceptor interactions in healthy eyes and eyes with retinal (rod and/or cone) degeneration.
Funding. Australian Research Council (ARC) (ARC-DP140100333).
